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Introduction

e Fundamental problem: CP-violation in the up-quark sector

— can manifest itself in charm AC=1 transitions via
I'(D — f) #T'(CP[D] — CP[f])

— ... and observed via CP-violating asymmetry

acp(f)

— this asymmetry has been studied with t*Tt and K*K" final states

acp(K~Kt) = (0.04+0.12 (stat) £ 0.10 (syst))%,

LHCb 2017

acp(m~m") = (0.07 £ 0.14 (stat) 4 0.11 (syst))%.

e Note that initial state is a D° meson: possible CPV in mixing?
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Introduction

e Differences of CP-violating asymmetries with D° mesons

— each CPV asymmetry contains three components

acp(f) =a% +af + cTz’}
v

direct mixing interference

— since for CP-eigenstate final states (such as t*m and K*K)
aM=a"w and a'kk=a'rr, Mixing asymmetries would (ideally) cancel

dir dir dir SU(3) is badly broken in D-decays
ACLCP = Qcp (fl) — Qcp (f2) e.g. Br(D — KK) ~ 3 Br(D —nn)
— recent measurements indicate that
Aa®®, = (—0.12 4+ 0.13)%,
Aady, = (—0.10 & 0.08 +0.03)%

* Naively, Aacp = a?(K —al_ = 2a%,. How can it be interpreted?
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Introduction: theoretical interpretations

e Naively, there are contributions from trees and penguins
— ... which we need to calculate/fit to predict CPV
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e Need to estimate size of penguin/penguin contractions vs. tree

— is there an unknown penguin enhancement (similar to Al = 1/2)?
— SU(3) analysis: how well do we know ME in broken SU(3)?

Golden & Grinstein PLB 222 (1989) 501;
Pirtshalava & Uttayarat 1112.5451

— QCD factorization-like: how well do we know 1/m¢ corrections?
Isidori et al PLB 711 (2012) 46; Brod et al 1111.5000

_ _ ; Broad et al 1203.6659; Bhattacharya et al PRD 85 (2012)
ﬂavor ﬂOW d lagram ana |y5e5 054014; Cheng & Chiang 1205.0580

Alexey A Petrov (WSU & MCTP 12 DPF-2017, Fermilab, 7/31-8/3 2017



Is this a penguin or a tree?

without QCD
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Calculating CP-asymmetries in QCD

e Effective Hamiltonian for singly Cabibbo-suppressed (SCS) decays

— drop all “penguin” operators (Q; for i > 3) as Ciare small, A, = Vi, Vo,

Gr

He:
V2

Z A (C1OT 4 C2Q3) — Ay C;Q;

q=d,s

— recallthat Y~ A =0 or Aa=—(\+X;) and

q=d,s,b
1= (ulug) (@Tc), Qi = (qTuq) (al*c)

— define a short-hand notation
01 = % Z C;Q7, with ¢=d,s.

1=1,2
— ... and matrix elements, e.g.

AD® = 77 nt) = M(m 7|04 D% + A\ (n 7t |O%| D)
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e Recipe for calculation of CPV asymmetry
— prepare decay amplitudes
AD° = 7 at) = Ng{n 7|04 D°) + A\ (n~ 7| O°| D)
AD® — K~K%) = M\(K~ K |0% D% + \y(K~K*|0%D°
— add and subtract X, (7~ 7|O%|D°), put in a new form

1+ % (1+ 7, exp(z’éﬂ))]

A(D0 —+ K K") = MAgg |1— %TK exp(z’éK)}

AD = 1 71") = =X Arn

— define things we cannot compute (extract from branching ratios)
Arr = (77 77|O% D — (=7t |O%| D°)
Axx = (K- K1|0O%|D°) — (K~ K*|0% D"
— ...and things we can P:_= (r—n"|0*|D%, PL.=(K K" 0O%D°
P
Arr

d
PKK

AKK

L S O S VS DS r"r:
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Amplitude decomposition

e Some things to keep in mind

— “penguin-type amplitudes” P _and P}Z(K denote matrix elements
of operators that contain quark-antiquark pair that does not match
the valence content of the final state mesons; otherwise no
relation to penguin topological amplitudes

Pax = (n" 77 |0°|D%),  Pig = (K~ K*|0°|D°)

— calculate P;.__and P}lg{ using a modified light-cone QCD sum rules

_ P:‘ﬂ' _ PId(K
= A'mr ’ K= AKK
s(d
Or(k) = arg [ngr()KK)} —arg [ Anr(k k)]
: A
— weak phase rpe” "7 = )\—b
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Direct CP-violating asymmetries

e Setting up direct CP asymmetry

— each amplitude has two parts with own weak and strong phases

AD® = 77 7%) = — A Anx [1 + % (14 7z exp(z‘éﬂ))]

AD® - K K*) =  MAgk [1 - %rx exp(iéx)]

— this implies for the direct CP-violating asymmetries

dir

alh (K~ K™T) = —2ryrg sin dx siny
adci}';(w_ﬁr) = 2ry7r, Sin o, sin~y
— ... and for their difference
Ay, = —2r, siny(rg sin 6 + ry sin ;)

e We need to compute 7 (k) and 0, (k)
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Calculating matrix elements

Khodjamirian, NPB 605 (2001) 558

e Use modified light-cone QCD Sum Rule (LCSR) method

— start with the correlation function (57 = im.éysu and ;& = dyaysu)

Falpg,0) =7 [ dtae o907 [ atye® 0] 7 {520)Q10)18” (0)} I (a)
= —koF((p—k) (P P) +...,

— use dispersion relation in (p-k) and (p-q), perform Borel transform,
extract matrix element:

T D

) So So
(-0 @)D P — )=y / dse‘S/Mf/ ds'eb =M Iy Im, F (s, 5\ md)
Q D
0 m?2

— perform LC expansion of F(s, s’ mp?) to get P..

_ . ~3 B A(), B A(L
— notethat C,Q} + Q5 =2C,95 + (% + 02) Q5 with Q3 = (sFﬂ?s) (ul‘“gc)
2G =
thus P2 = _ﬁF Cy(n 7| Q3| D°)
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Calculating matrix elements

e Evaluate (leading) diagrams contributing to the correlation function

. Khodjamirian, NPB 605 (2001) 558;
— Cd ICU Iate O P E In terms Of known LC DAS Khodjamirian, Mannel, Melic, PLB 571 (2003)

Khodjamirian, AAP arXiv: 1706.07780

(d)

— analytically continue from the space-like region of P?=(p-k-q)? (with
auxiliary 4-momentum k#0) to P2 = mp?, relying on the local quark-
hadron duality

— extract absolute value and the phase of matrix element P
— vary parameters of the calculation to estimate uncertainties

Alexey A Petrov (WSU & MCTP 5 DPF-2017, Fermilab, 7/31-8/3 2017




Results of the calculation

sg 1
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Amplitude predictions

e As aresult...
(7r7~| Q3D = (9.50 £+ 1.13) x 1072 exp[i(—97.5° + 11.6)] GeV®
(KTK~|Q4D% = (13.9 +£2.70) x 103 exp[i(—71.6° & 29.5)] GeV?
e Extract A, and Ax ramplitudes from experimental data

B(D® — m ") = (1.407 4 0.025) x 1073
B(D° — K~ K*) = (3.97 + 0.07) x 10~ \V

Arr| =~ MU AD — 7-7t)| = (2.10 £0.02) -

Agr| ~ A1 |AD = K K*)| = (3.80 £0.03) :

s d
e Thus, r, = ﬁi‘ =0.093+0.011, rg= ||ZKK|| — 0.075 + 0.015
T KK
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Predictions for the Acp

e Assuming the phases of "7 (K k) are given by the phases of P;STCi()KK)

afn(r~rt) = —0.011 % 0.001%,

st (K~ K) 0.009 + 0.002%.

AaZt = 0.020 £ 0.003% .

Khodjamirian, AAP arXiv: 1706.07780
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Things to take home

e The magnitude of hadronic MEs defining CPV are computed

S
_ [Pl

d
= A =0.093+£0.011, 7rg= Pickl _ 0.075 + 0.015

| Akxk]

I'n

e The magnitude of direct CPV asymmetry in D - ‘™ and D - K*K~
can be predicted from the calculation of the relevant hadronic
matrix elements from LCSRs

Aa®t, = 0.020 £ 0.003%

e No topological amplitude decomposition was used (note that OPE
hierarchy sorts out the leading penguin-type diagrams)

e The strong phase difference is not yet reliably accessible: duality
violations are not easily identifiable (e.g. broad scalar resonances
influencing hadronic matrix elements)
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Parameters of the calculation

e Light cone distribution amplitudes

on (1) = 6u (1 +afC?(u — @) + aTC¥(u — a))

¢ (u) = 1+ 30 EL 1/2(u—a)—3f3”“’3“c;/2(u—a),

por [ po [
5r(u) = 6u(l —u) (1 - SMJ::;,; (1 _ “{_?gf) O3/ (y — u))

ek (u) = 6ut (1 + KCB/z( —u) + 0503/2( u))
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Parameters of the calculation

Parameter values Parameter rescaled
and references to p = 1.5 GeV
as(mz) = 0.1181 £ 0.0011 [6] 0.351
me(me) = 1.27 4 0.03 GeV [6] 1.19 GeV
ms(2GeV) = 9675 MeV 6] 105 MeV
(qg)(2 GeV) = (—276"15 MeV)? [6] (—268 McV)?
(8s) = (0.8 £0.3)(qq) [21] (—249 MeV)3
aZ(1GeV) = 0.17 4+ 0.08 [22] 0.14
af(1GeV) = 0.06 + 0.10 [22] 0.045
pir(2GeV) = 2.48 4 0.30 GeV  [6] 2.26 GeV
f3x(1GeV) = 0.0045 £ 0.015 GeV? [19] 0.0036 GeV?
w3r(1GeV) = —=1.54+ 0.7 [19] -1.1
a¥(1GeV) = 0.1040.04 [23] 0.09
a¥X(1GeV) =0.254+0.15 [19] 0.21
px(2GeV) = 2471019 Gev [6] 2.25
f3x = far 0.0036 GeV?
w3k (1GeV) = —1.2 4 0.7 [19] -0.99
A3 (1GeV) =1.6+£0.4 [19] 1.5
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